Previously, we identified a major quantitative trait locus (QTL) on mouse chromosome 1 that regulates the susceptibility to arthritis in an F2 population generated from arthritis-prone BALB/c and arthritis-resistant DBA/1 mice deficient for interleukin-1 receptor antagonist. To further select candidate genes for the QTL, we analyzed the expression patterns of arthritis in 38 F2 individuals and compared the expression levels of key candidate genes to the parental strains. Two distinct subpopulations of arthritic mice were identified in the 38 F2 mice. One subgroup of diseased mice was characterized by myeloid cell dominant inflammation, whereas the other was mainly associated with increased anti-apoptotic activities of inflammatory cells. Several differentially expressed important candidate genes in parental strains in the QTL region are relevant to myeloid cell, apoptotic activities, or to both. About one-quarter of those genes have been previously linked to arthritis in literature. The present study reveals two distinct subpopulations of arthritic mice with spontaneous arthritis due to deficiency for interleukin-1 receptor antagonist, suggesting that genes with function relevant to myeloid cell and/or apoptotic activities are most likely the key candidate genes for the QTL.
INTRODUCTION
Rheumatoid arthritis (RA), like other common polygenic autoimmune diseases, is characterized by genetic risk factor make-up and phenotypic heterogeneity. Genetic polymorphisms of HLA genes, PTPN22, CTLA4, PADI4, FcγRs, and various cytokine and cytokine-receptor loci have been reported in different RA populations by linkage and association studies (McInnes and Schett, 2007) . In the clinic, fewer than half RA patients were positive in serum assays of the two most common RA markers, rheumatoid factors (RFs) (28%) and anticyclic citrullinated peptide (anti-CCP) antibodies (40%) at the time of diagnosis (van der Helm-van Mil et al., 2005) . In response to TNF blocking therapy, most of RA patients show only partial or no improvement. Given the obvious heterogeneity, RA is sometimes regarded as a clinical syndrome, implying that complicated exclusive pathogenesis mechanisms are actually involved in different forms of RA. So it is appropriate to define precise classification criteria to identify different populations of RA patients to enable optimal treatment.
Traditionally, RA is defined by several clinical parameters, but there are no criteria available for RA subclassifications. Recently, microarray technology has proved effective in deciphering the biological and clinical diversity of cancer (Staudt, 2003) . However, little, if any, effort has been made to subclassify RA patients or arthritic animals based on their individual baseline molecular variations. In the present study, we sought to subclassify the population of autoimmune arthritic mice due to the deficiency of interleukin-1 receptor antagonist (Il1rn) based on their gene expression patterns.
BALB/c mice, but not other mouse strains, spontaneously develop RA-like autoimmune arthritis in the absence of Il1rn (Horai et al., 2000) . Recent studies have confirmed that TNF and IL-17 play important roles in the pathogenesis of this disease (Horai et al., 2004; Nakae et al., 2003) . Using an F2 population generated from arthritis-prone BALB/c and arthritis-resistant DBA/1 mice deficient for Il1rn, we identified a major QTL on mouse chromosome 1 that is responsible for about 12% of the susceptibility to spontaneous arthritis (Jiao et al., 2011) . To evaluate the candidate genes for the QTL, we analyzed the patterns of gene expression of 38 selected F2 individuals. We identified by sample clustering two subpopulations of arthritic mice with distinct gene expression patterns. Differentially expressed genes were also identified in different subpopulations of murine arthritis. We further examined the potential function of candidate genes selected according to the two patterns in the genomic QTL region.
MATERIALS AND METHODS

Mice BALB/c-based Il1rn
-/-mice (KO) were kindly provided by Dr. Yoichiro Iwakura (Center for Experimental Medicine, Institute of Medical Science, University of Tokyo, Tokyo, Japan). They were bred to DBA/1 mice to generate DBA/1-based Il1rn -/-mice that were arthritis resistant. F1 mice were produced by crossing these two parental Il1rn -/-mice. F2 mice were then generated by intercrossing F1 hybrids. They were maintained at 22°C in the animal house of the Connective Tissue Research Center, University of Tennessee Health Science Center, Memphis, Tennessee, USA. The severity of arthritis was graded for each paw on a scale of 0 to 4 for the degree of redness and swelling (Sims et al., 2004) . Male F2 mice with hind paw inflammation of 4 were randomly selected for microarray assays; nonarthritic F2 male mice were used as controls. Experiments were conducted according to the institutional ethical guidelines for animal experimentation and the safety guidelines for gene manipulation.
The animal experiments were approved by the Committee for Animal Experiments of the Connective Tissue Research Center, University of Tennessee Health Science Center.
Total RNA isolation Total RNA was extracted using Trizol Reagent (Invitrogen, Trizol Reagent) according to the manufacturer's instructions. RNA quality was assessed using a Bioanalyser 2100 (Agilent, Santa Clara, CA), and all the samples had a 28S/18S ratio of > 1.8. RNA was quantified using a Biophotometer (Eppendorf, Hauppauge, NY).
Affymetrix microarray assay Oligonucleotide microarray assays were carried out with beginning with 4 μg of total RNAs by using the GeneChip system, including mouse genome 430 2.0 arrays, one-cycle cDNA synthesis kit, sample cleanup module, IVT labeling kit, Fluidics Station 450, and Scanner 3000 (Affymetrix, Santa Clara, CA) according to the manufacturer's instructions. The assays were done individually for each sample. Raw data in CEL format were generated using GCOS 1.3 software (Affymetrix).
Microarray data analysis MAS5 method was applied to generate the detection calls (present, marginal, or absent) . Raw intensity data were normalized using RMA algorithm with the Expression Console software (Affymetrix). Average perfect match (PM) mean intensity value across all the samples was chosen as filter during sample and gene clustering using dChip software (dChip: http://biosun1.harvard.edu/complab/dchip/). Comparative analysis was carried out between resultant arthritic and nonarthritic subclasses. Upon fold change equal to or greater than 1.5 filtering, statistical analysis was done to identify differentially expressed genes in diseased mice using EDGE tools (Leek et al., 2006) (P < 0.05). Functional clustering of these gene expression changes was carried out using DAVID tools (P < 0.01 was considered significant) (Dennis et al., 2003) .
Bioinformatic evaluation of function relevance to apoptotic and myeloid cells of candidate genes
Evaluation of function of candidate genes was conducted with a searching tool, PGMapper (http://www.genediscovery. org/pgmapper/index.jsp) (Xiong et al., 2008) . PGMapper identified all the possible candidate genes for the hypertension QTL by combining the mapping information from Ensemble database, updated literature information from PubMed, and the Online Mendelian Inheritance in Man (OMIM) database. For candidate genes, a potential connection with apoptotic inflammation and myeloid cells was evaluated by searching Online Mendelian Inheritance in Man (OMIM) (http://www.ncbi.nlm.nih.gov/ entrez/query.fcgi?db=OMIM) and PubMed (http://www. ncbi.nlm.nih.gov/entrez/query.fcgi?db=PubMed). Query terms were the combination of the name of the gene with any of these key words: apoptotic, inflammation, or myeloid cells. For any potential candidates, at least the abstract of one reference was read by two authors to determine a link between the gene and apoptotic and/or myeloid cells. For a gene with more than one reference that indicated its relevance, at least two references were read and cited in this study.
Data deposition
The microarray data have been deposited in NCBI GEO database (accession no: GSE8690).
RESULTS
Quality assessment of F2 arrays Raw data were generated and normalized using RMA algorithm with Expression Console software. To ensure proper inclusion of comparable arrays for our purpose, several parameters, including housekeeping gene 3/5 ratio, background intensity, and mean relative log expression signal (Fig. 1) , were used to evaluate the overall quality of individual arrays, and four outlier arrays were discarded during further data mining. Fig. 1 . Relative log splenic gene expression signals of F2 mice studied. Raw data microarray were normalized using RMA algorithm and visualized in a boxplot with Express Console (Affymetrix). The center line is the sample median value. All the studied samples showed similar medians. Fig. 2 . Hierarchical clustering of samples from arthritic and nonarthritic F2 mice. Samples obtained from arthritic and nonarthritic mice were subject to hierarchical clustering separately using dChip software. Two subpopulations of arthritic mice and three subpopulations of nonarthritic mice were identified, respectively. Blue indicates lower-than-median signal. Red denotes higher-than-median signal. White represents equal-to-median signal. Scale bar is aligned on the right side of the figure. Sept8, Polr3c, Bcl2l11, Rnf14, Fmr1, Ptdss2, Cd44, Tmpo, Ighg, Epb4.1, Fbxo9, Zbp1, Dnm1l, Hipk1, Ubtf, Slc4a1, Tsc22d3, Add2, Sox6, Eif4g1, Dpf3, Mxi1, Mapk14, Ogfr, Hbs1l, AI314180, Cd44, Mapk14, Eif4g1. atp-binding 15 0.002 Hipk1, Rrm1, Dck, Camk2b, Mcm3, Hipk3, Atp2c1, Abcb7, Wrn, Ercc6l, Atp8a1, Tlk1, Top2b, Mapk14, Kif11, Mapk14 cell cycle 15 0.001 Incenp, Spag5, Casp3, Camk2b, Mcm3, Aspm, Rbbp4, Ccnb1-rs1, Sept8, Exo1, Tlk1, Mapk14, Ywhag, Kif11, Sesn1, Mapk14 , Fbxw11, Usp7, Tfrc, Hipk3, St3gal2, Adam10, Usp12, Irf7, Rnf14, Trim59, Epb4.2, Herc1, Tlk1, Herc5, 9230105E10Rik, Mbtps1, Fbxo9, Hipk1, Pigq, Casp3, Camk2b, Vps35, Otub2, Adamdec1, Oasl2, Eif4g1, Ibtk, Mapk14, Hbs1l, Nktr, Parp12, Cebpb, Supt16h, Eif2s3x, Irf7, Adam10, Cebpb, Mapk14, Eif4g1, Casp3 DNA metabolism 12 0.004 Hipk1, Exo1, Rrm1, Tlk1, Rad18, Top2b, Mcm3, Hipk3, Wrn, Rbbp4, Tspyl1, Rrm2, Casp3, Ifi203, Tlr13, Serpina3g, H28, Ifit3, Irf7, Exo1, Oasl2, Ccl6, Ccl9, Clec4e, Mapk14, Tollip, Ccr2, Fcgr1, Clec4d, Cebpb, Ccr2, Ccl9, Cebpb, Tollip, Mapk14, Ccl6 Gna12, Clcn2, P2ry12, Tfrc, St3gal2, Adam10, Bcl2l11, Sec61a1, Cyp20a1, Ptdss2, Tmpo, Clec4e, Cd44, Ms4a6d, Mbtps1, Ccr2, Clec4d, Fcgr1, Vamp3, Tmed2, Dnm1l, Pigq, Slc2a3, Lin7c, Ugt8a, Tlr13, Atp2c1, Abcb7, Slc4a1, Add2, Atp8a1, Rtp4, Slc2a4, Phca, Cd44, ccr2, Clec4d, Adam10 nuclear protein 33 0.000 Incenp, Dck, Hipk3, Irf7, Polr3c, Rnf14, Stat1, Fmr1, Tlk1, Rad18, Tmpo, Hdlbp, Epb4.1, Hipk1, Lancl2, Ifi203, Mcm3, Aspm, Serpina3g, Ubtf, Rbbp4, Cxxc1, Mxd1, Sox6, Dpf3, Top2b, Mxi1, Mapk14, Cebpb, Parp12, Tspyl1, AI314180, Sesn1, Stat1, Irf7, Cebpb , Mcm3, Hipk3, Ubtf, Rbbp4, Cxxc1, Irf7, Polr3c, Mxd1, Rnf14, Stat1, Sox6, Dpf3, Mxi1, Cebpb, Stat1, Irf7, Cebpb, transport 15 0.007 Rab18, Clcn2, Slc2a3, Lin7c, Arf2, Atp2c1, Vps35, Abcb7, Slc4a1, Ap2a2, Fmr1, Sec61a1, Slc2a4, Hdlbp, Tmed2,  Hierarchical clustering of samples To identify possible subpopulations of arthritic mice, we separately performed sample and gene clustering using PM mean intensity (500) (in 100% of samples) filtered gene list on the arthritic subset of data. Two major subpopulations were identified in arthritic mice: Art I consisted of 8 samples, and Art II included 10 samples. Interestingly, three subpopulations of nonarthritic mice were also identified using this approach (Fig. 2) . Although arthritis and non arthritis mice in the F2 population are grouped into separate clusters, those clusters are not completely separated. While many genes are overlapped among those groups, we indeed find some particular features of the arthritis groups (as shown below).
Molecular signatures of subpopulations of arthritic mice
To characterize the molecular fingerprints of these two subpopulations of murine arthritis, we did comparative microarray analysis between two arthritic subgroups (Art I and Art II) and three nonarthritic subgroups of mice (Non I, Non II, and Non III). In general, 204 transcripts were found to be dysregulated in arthritic mice, thus changes of expression levels equal to or greater than 1.5-fold (Supplementary Table S1 ). Remarkably, 85% of transcripts were associated with arthritis in the Art I subpopulation, and only two transcripts (Csprs and an EST) were upregulated in both subpopulations. In the Art I subpopulation, the expression levels of several genes that are involved in regulating inflammation (Adipoq, Fabp4, Dcn) , angiogenesis (Nab2 and Ednrb), and T cell activation (Skap1) were lower than in nonarthritic mice. On the other hand, many genes (about 40) that are predominantly expressed in myeloid cells were upregulated (e.g., Ap2a2, Arf2, Carhsp1, Ccl6, Ccl9, Ccr2, Cd5l, Cebpb, Clec4d, Clec4e, Coro1c, Fcgr1, Gusb, Ifi203, Ifit3, Irf7, Lancl2, Ms4a6d, Oas1a, Oas2, Ogfr, P2ry12, Phca, Pigq, Plek, Pmm2, Rnf14, Sec61a1, and Slfn4) . Other prominent changes were the overexpression of many immunoglobulin genes (Ighg, ) and a T cell activation inhibitor, Camk2b. Functional annotation of the upregulated genes by DAVID tools revealed increased activity of cellular metabolism, cell cycle, transcription regulation, and immune response. The functional annotation of the upregulated genes indicated that a wide range of activities was stimulated, including transcriptional regulation, cell cycle, transport, immune response, and metabolism (Table 1) .
In an attempt to see what percentage of those genes have been connected to arthritis in literature, we conducted a search of those genes and key term "arthritis" with our software PGMapper (Xiong et al., 2008) . The data indicated that while linkage between arthritis and many genes in Table 1 have not been known, about a quarter of genes have been linked to arthritis in literature (Table 1) .
In contrast, only a few genes were dysregulated in the Art II subpopulation, including mainly the downregulation of Cd163 and the upregulation of Bcl2 and Il7r.
Potential function in apoptotic and myeloid cells of key candidate genes in the QTL region In our previous study (Jiao et al., 2011) , we found 11 genes (Mr1, Pla2g4a, Fasl, Prg4, Ptgs2, Tnfsf18, Tnfsf4, Rc3h1, Ncf2, Sell, and Selp) from the QTL region according to their differential expression. Using PGmapper, we conducted a search for their relevance to apoptotic and myeloid cells. Our data indicated that five genes (Fasl, Ptgs2, Mr1, Pla2g4a, and Prg4) are relevant to apoptotic inflammation while three (Fasl, Mr1, and Ptgs2) function in regulating myeloid cell-induced inflammation. These data affirmed our conclusion (Jiao et al., 2011) that Fasl, Mr1, Fig. 3 . Transcriptome mapping of 11 genes. Among 11 genes (Mr1, Pla2g4a, Fasl, Prg4, Ptgs2, Tnfsf18, Tnfsf4, Rc3h1, Ncf2, Sell, Selp) , Pla2g4a was mapped on to chromosome 1, on which the QTL of arthritis is located.
and Ptgs2 are the favorite candidate genes for the QTL.
In order to examine the genome regulation of those 11 genes, we further conducted transcriptome mapping of those 11 genes using gene expression profiles generated using the Affymetrix Gene Chip Mouse Gene 1.0 ST array (http://www.genenetwork.org/dbdoc/UTHSC_SPL_RMA_ 1210.html). Our analysis indicated that among those 11 genes, only Pla2g4a is mapped on a genomic region of chromosome 1, in which the QTL is also located (Fig. 3) .
DISCUSSION AND CONCLUSION
Our data suggest two distinct subpopulations of spontaneous arthritis in the F2 mice based on their gene expression patterns. The expressions of key genes in these two subpopulation provide the basis for further testing in human populations. We feel that, because gene expression profiling technology was applied to F2 intercross mice, which bear a heterogeneous genetic background, the result fits the human population better than do homozygous strains. For example, in the Art I subpopulation, the altered gene expression pattern, with almost 40 myeloid genes being overexpressed, suggested the nature of myeloid cell dominance of arthritis. In the human population, the upregulated Fcgr1 is constitutively expressed on monocytes and macrophages (Rossman et al., 1989) . Furthermore, its induced expression by synovial fluid neutrophils has been observed in RA patients (Quayle et al., 1997) . Another upregulated gene, Cd5l, which may play an important role in regulating adaptive immunity, is exclusively expressed by macrophages (Leek et al., 2006) . Using DAVID tools, we found increased activity in transcriptional regulation, cell cycle, immune response, and metabolism (Table 1) .
Immunoglobulin (Ig) heavy (H) and light (L) chains contribute to autoimmune specificities (Radic et al., 1991) . So a higher expression of a battery of Ig H and L chain genes, including Ighg, , may implicate the involvement of B lymphocyte activation. However, no evidence of T cell activation was found in this study. In contrast, a positive regulator of T cell receptor (TCR)-mediated signaling, Skap1 (Wu et al., 2002) , was downregulated. The expression of Camk2b, which is a strong CD4 T cell inhibitor (Lin et al., 2005) , was induced in extremely high abundance (5.29-fold increase). These findings suggest the possibility of alternative mechanisms for B cell activation.
As for the Art II subpopulation, the picture is quite different: only a few informative, differentially expressed genes were identified, including the downregulated Cd163 and upregulated Bcl2 and Il7r. Cd163 is able to inhibit inflammation through mediating IL-10 release and heme oxygenase-1 synthesis (Philippidis et al., 2004) . Apoptosis of synovial macrophages, fibroblasts, and lymphocytes plays an important role in the development of RA (Liu and Pope, 2003) . So the combined CD163 downregulation and upregulation of anti-apoptotic Bcl2 and Il7r (Jiang et al., 2004) may contribute greatly to the inflammatory process in the Art II subpopulation.
Perhaps the most important result in our study is the clarification or prioritizing of candidate genes for regulating the QTL on chromosome 1 that affect spontaneous arthritis in Babl/c mice of IL1rn deficiency. Previously, we listed several genes that are considered as candidates for the QTL genes (Jiao et al., 2011) . Our current study suggests that, in addition to Fasl, Mr1, and Ptgs2, investigation of Pla2g4a is necessary, because, among 11 known candidate genes, its regulatory locus is the only one that is mapped into QTL region of spontaneous arthritis on chromosome 1 (Jiao et al., 2011) .
